Eos family was created during a catastrophic impact about 1.3 Gyr ago. Rotation states of individual family members contain information about the history of the whole population. We aim to increase the number of asteroid shape models and rotation states within the Eos collision family, as well as to revise previously published shape models from the literature. Such results can be used to constrain theoretical collisional and evolution models of the family, or to estimate other physical parameters by a thermophysical modeling of the thermal infrared data. We use all available disk-integrated optical data (i.e., classical dense-in-time photometry obtained from public databases and through a large collaboration network as well as sparse-in-time individual measurements from a few sky surveys) as input for the convex inversion method, and derive 3D shape models of asteroids together with their rotation periods and orientations of rotation axes. We present updated shape models for 15 asteroids and new shape model determinations for 16 asteroids. Together with the already published models from the publicly available DAMIT database, we compiled a sample of 56 Eos family members with known shape models that we used in our analysis of physical properties within the family. Rotation states of asteroids smaller than ∼20 km are heavily influenced by the YORP effect, whilst the large objects more or less retained their rotation state properties since the family creation. Moreover, we also present a shape model and bulk density of asteroid (423) Diotima, an interloper in the Eos family, based on the disk-resolved data obtained by the Near InfraRed Camera (Nirc2) mounted on the W.M. Keck II telescope.
Introduction
Asteroid families are groups of asteroids commonly identified in the space of proper orbital elements (proper semimajor axis a p , eccentricity e p , and inclination i p ), by the Hier-archical Clustering Method (HCM, Zappalà et al. 1990 Zappalà et al. , 1994 . This method computes distances between asteroids in (a p ,e p ,i p ) space, and link asteroids to a family when these are separated by less than a selected threshold value of said distance. This threshold, measured in m/s is known as cut-off velocity and is determined by ensuring that the group of the member asteroids has a statistical significance compared to the local background. Some of these families are clearly visible in plots of asteroids in orbital elements space, e.g., (a p ,e p ) and/or (a p ,i p ).
It is well understood that members of asteroid families are collisional fragments of a parent body that was impacted by another asteroid. The study of asteroid families is thus very important as genetic links can be established between the members of a family and the family parent. In addition, the epochs of the formation of the different families can be estimated, which informs us about the collisional evolution of the Main Belt. Models of the collisional evolution of the solar system predicts that the number of families per unit time, should be roughly constant throughout the age of the solar system, but this is not what is observed (e.g., Spoto et al. 2015) . The family age can be derived by the orbital dispersion of its members that remove objects from the family center with rate of change of a p (da/dt) inversely proportional to the asteroid diameter D (Vokrouhlický et al. 2006b ), under the effect of a non gravitational force known as the Yarkovsky effect (e.g., Bottke et al. 2006; Vokrouhlický et al. 2015) .
As a result, the family fragments form along a V-shaped border in (a p , 1/D) space because of the inverse dependence on diameter D of the Yarkovsky drift rate da/dt:
where ǫ is the obliquity. The vertex of the V-shape is the center of the family, and the sides of the V-shape are represented by those asteroids moving with the fastest da/dt, i.e. with cos(ǫ) = 1 and = -1 for the outward and the inward side of the V-shape, respectively (see Fig. 1 ). Dispersion in e and i is caused by orbital resonances with the planets that the asteroids cross as they drift through regions of the Main Belt. Not all of the asteroids linked to a family by the HCM method are real members. A fraction of these objects has values of the orbital elements similar to those of the true asteroid family members only by a coincidence: these objects are the so-called interlopers. Interlopers can often be identified from their position with respect to the centre and the sides of the V.
Another method to identify interlopers (Nesvorný et al. 2015) is by comparison of their physical properties with those of the bulk of the family: it is reasonable to assume that family members share similar physical properties, such as homogeneity of the albedo values and the reflectance spectra. For instance, albedo information allowed the decoupling of the Nysa-Polana complex that consists of low-and high-albedo objects indistinguishable by the HCM method (Walsh et al. 2013) . Masiero et al. (2013) provide lists of members for a large number of families where both the distance in the proper elements as well as the albedo values are considered. Recently, the WISE satellite (Wright et al. 2010) thermal infrared data lead to albedo determinations for more than one hundred thousand asteroids .
Despite the progress made in the last few years, important questions remain to be answered, such as the ages of the families and why they are not uniformly distributed along the history of the solar system. A crucial parameter to determine family ages is the value of da/dt, i.e., the strength of the Yarkovsky effect for families of different compositional types. The Yarkovsky effect depends on several physical properties including, size, thermal inertia, rotation period and direction of the spin axis. The last property, is known only for some members of different families, although their number is steadily increasing thanks to specific studies (Slivan 2002; Slivan et al. 2003 Slivan et al. , 2009 Torppa et al. 2003; Ďurech et al. 2009; Kryszczyńska 2013; Hanuš et al. 2013a; Kim et al. 2014 ).
Here we focus on the Eos asteroid family. Its largest member (221) Eos is a rare K-type. The family was created by a catastrophic collision about (1.3±0.2) Gyr ago (Nesvorný et al. 2015) , provide an age between 1.5 and 1.9 Gyr. The size frequency distribution of the family members suggests that the parent body was fully destroyed and the largest remnant contains only few percent of the mass of the parent body . The anhydrous CO, CV, and CK, and hydrated metal-rich CR carbonaceous chondrites meteorites were proposed as meteorites analogs for Eos objects due to the similarity in the visible and near-and mid-infrared spectra (Bell et al. 1989; Doressoundiram et al. 1998; Clark et al. 2009 ). Unfortunately, there are only poor observations in the (mid)-infrared that could not shed more light into the mineralogy of the surface and confirm any of the analogs. Also, there are no reliable bulk density estimates, so it is not clear if the Eos K-type objects are consistent with the other K-types in the main belt. The Eos family has a complex structure, with several mean motion and secular resonances transversing it (see, e.g., .
The Eos family provides an opportunity to study the Yarkovsky drift rate of asteroids belonging to a common collisional origin, with the ultimate aim to compare the da/dt from Yarkovsky models to the value determined from the resonance crossing. The list of Masiero et al. (2013) contains 5718 objects, whilst the list of Nesvorný et al. (2015) consists of 9789 asteroids. Although the list of Eos members from Nesvorný et al. (2015) is still based only on the HCM method, the authors also provide a parameter that reflects the distance from the V-shape envelope of the family that corresponds to the extent due to the Yarkovsky drift. A large value of this parameter indicates an interloper. We cross-checked Nesvorný's catalog with a previous version Nesvorný (2012) and added additional asteroids to the list of members of the Eos family. This was done to obtain the largest sample of possible Eos family members for our study. Moreover, we also considered physical properties of selected asteroids to revise their Eos membership.
Here we study shapes and spin states of Eos family members. Lightcurve inversion methods such as the convex inversion of and are now routinely applied to the optical disk-integrated data, which resulted in the determination of rotation states and shape models for about one thousand asteroids (Kaasalainen et al. 2002; Slivan et al. 2003; Torppa et al. 2003; Michałowski et al. 2005 Michałowski et al. , 2006 Ďurech et al. 2009 , 2016 Marciniak et al. 2009b,a; Hanuš et al. 2011 Hanuš et al. , 2013b Hanuš et al. , 2016b Kryszczyńska 2013) . Such a number of physical properties revealed unambiguously the influence of the YORP effect on the spin axis directions of small main-belt asteroids (D < 30 km, Vokrouhlický et al. 2003; Hanuš et al. 2011) or that retrograde rotators drift inwards to shorter semi-major axes (left in the 1/D vs. a plot) with respect to the family center and prograde ones outwards (to the right of the plot) (Hanuš et al. 2013a ). The number of shape models in families is growing. These physical properties should tell us more about the histories of individual families (Vokrouhlický et al. 2003; Hanuš et al. 2013a; Dykhuis et al. 2016) . We aim to increase the number of Eos members with shape models to ∼50-60, which will become the largest sample for any family so far. Physical properties can be used to constrain the dynamical models by studying the evolution of the families due to collisions, Yarkovsky and YORP effects (e.g., Hanuš et al. 2013a,b) . Moreover, the convex shape models are necessary inputs for the thermophysical modeling (e.g., Delbo' et al. 2007; Müller et al. 2011 Müller et al. , 2014 Rozitis and Green 2014; Hanuš et al. 2015) or a more detailed shape modeling when stellar occultations or disk-resolved data are available Viikinkoski et al. 2015a; .
Recently, Cibulková et al. (2016) estimated ecliptic longitudes and absolute values of ecliptic latitudes |β| of the spin axes for almost 70 000 asteroids including more than 2 500 asteroids from the Eos family. Their model applied to sparse-intime data from Lowell database by comparing the observed values of mean brightness in each apparition and its dispersion with values computed from the model parameters. The shape is modeled as a triaxial ellipsoid. The estimates for individual asteroids are not fully reliable and the data should be rather treated in a statistical sense.
Asteroid shape models derived by the light curve inversion method and their optical data are usually uploaded to the public Database of Asteroid Models from Inversion Techniques (DAMIT 1 , Ďurech et al. 2010 ). In Sect. 2, we describe the optical dense-and sparse-in-time disk-integrated data that were used to construct the shape models. We detail the convex inversion method for shape modeling in Sect. 3 and derive updated and new shape models in Sect. 4.1. Rotation state parameters such as the spin axis direction and rotation period are then studied in Sect. 4.2. Finally, we conclude our work in Sect. 5.
Optical disk-integrated photometry
In this work, we used light curve data from the literature, as well as our own observations. New photometric data were essential, because they allowed us to significantly increase the number of Eos family asteroids with derived shape models.
1 http://astro.troja.mff.cuni.cz/projects/asteroids3D
Besides the dense-in-time disk-integrated photometry, i.e., the classical light curves, we also used the sparse-in-time photometry that consists of a few hundred individual calibrated measurements from several astrometric observatories, typically covering ∼15 years. The sparse-in-time data are necessary prerequisites for a successful shape model determination when only few dense light curves are available (Hanuš et al. , 2016b . Concerning the sparse data, we used those downloaded from the AstDyS site (Asteroids -Dynamic Site 2 ), or from the Lowell Photometric Database (Oszkiewicz et al. 2011; Bowell et al. 2014) . All data were processed following the procedure of Hanuš et al. (2011 Hanuš et al. ( , 2013b .
The dense-in-time data were acquired from public databases such as the Asteroid Photometric Catalogue (APC 3 ; Piironen et al. 2001) Moreover, we also made use of the thermal infrared data of Eos members acquired by the WISE satellite, in particular the results of the NEOWISE project dealing with the solar system bodies (see, e.g., Mainzer et al. 2011) . These data were downloaded from the WISE All-Sky Single Exposure L1b Working Database via the IRSA/IPAC archive 6 . We employed thermal infrared data from all four filters W1, W2, W3 and W4 (isophotal wavelengths at 3.35, 4.6, 12 and 22 µm) from the fully cryogenic phase of the mission. The data selection and suitability criteria applied in this work followed those of Alí-Lagoa et al. (2014) ; Hanuš et al. (2015) ; Alí-Lagoa et al. (2016) .
For Eos asteroids, the fluxes in filters W1 and W2 usually consist of a significant reflected sunlight component, which allows us to use these fluxes for the shape modeling in combination with the dense and sparse optical photometry. The fluxes in W3 and W4 filters are thermal-emission dominated, however, Durech et al. (2015b) have shown that these data can be treated as reflected if we search for the period as well as for the shape. The reason is that we fit only the relative shape of thermal light curves, not the absolute fluxes. The phase shift between thermal and optical data is usually negligible and thermal light curves are very useful when searching for the sidereal rotation period. The illuminated parts of the surface are the main contributors to the thermal infrared emission as those are the warmest. The contribution from the dark side is negligible, because it is significantly colder and rather small for the typical phase angles of 10-30
• . In addition, we conducted a one-year observing campaign with the University of Hawaii 2.2-meter telescope (UH88) located near the summit of Maunakea in Hawaii between August 2015 and July 2016. We used the Tektronix 2048x2048 CCD camera, which has a 7.5 ′ x7.5 ′ field of view corresponding to a pixel scale of 0.22 ′′ . The images obtained were Nyquistsampled corresponding to the typical seeing of ∼ 0.8 ′ during the observations and to reduce the readout time. During each observing night, we acquired biases and evening or morning flats. We reduced the data with our custom-made aperture photometry software Aphot+Redlink developed by Petr Pravec and Miroslav Velen.
Exposure times at UH88 were chosen for each target individually depending on its brightness, so a desired signal-to-noise ratio (usually 100) could be achieved. We observed in the Sloan r ′ filter. The typical exposure times of 30-180 s allowed us to use the sidereal tracking without significantly corrupting the PSFs of the asteroid. During the observations, we were slewing and looping between 3-5 targets and always taking three exposures during each asteroid visit. As a result, the light curves taken with the UH88 are semi-dense with 15-25 minute gaps between observations. This strategy proved to be efficient, because still, we obtained sufficiently well-sampled light curves due to large enough periods of our targets ( 3 h). Typically, we obtained 5-7 light curves per night. In total, we had 15 clear observing nights, during which we obtained 85 light curves. All data were light-time corrected and treated as relative. Calibrated photometry to absolute scale is not required for the shape modeling. The only non-Eos family asteroid on our UH88 target list was the near-Earth asteroid (3200) Phaethon, whose data were already used for Phaethon's shape model determination in Hanuš et al. (2016a) . In our observing campaign, we prioritized asteroids according to their previous shape modeling attempts: we tried to observe asteroids on the brick of their shape model determination. For example, we observed asteroids, for which more than 2 pole solutions were already derived or whose rotation period was likely to be derived with only few additional light curves. We also targeted asteroids, whose shape models were derived from only Lowell data inĎurech et al. (2016) . We aimed to confirm and improve those shape models. Our observing strategy was designed to achieve the highest efficiency in using the allocated telescope time. Similar observing strategy was followed with the BlueEye 600 robotic telescope located in Ondřejov, Czech Republic (Ďurech et al. 2017 ) with the only exception that the whole asteroid population was targeted.
The summary of the optical data used for the shape model determination, such as the number of dense-in-time light curves and apparitions covered by dense-in-time observations and the total number of sparse-in-time measurements can be found in Table B .1. Light curve summary and observers are then listed in Table B .2. We uploaded all previously unpublished light curves to the ALCDEF database.
Convex inversion
We apply the lightcurve inversion method of and to derive asteroid rotation states and shape models from their optical disk-integrated data. This technique already led to successful shape model determinations for hundreds of asteroids (see the Asteroids IV chapter ofĎurech et al. 2015a). We employ the convex inversion method, because convex models are usually the only stable or unambiguous inversion result when only disk-integrated data are available (Ďurech and Kaasalainen 2003) .
We search the parameter space of shape, rotation state, and scattering properties for the best-fitting values in the means of a χ 2 -metric
where the i-th brightness measurement L Ideally, one prominent minimum in the parameter space is found. Several reliability tests are performed on the best-fitting solution prior accepting it -visual examination of the fit in the rotation period subspace and of the light curves, computation of the principal moments of inertia of the shape model (i.e., we check if the asteroid rotates around its axis with the maximum moment of inertia), and comparison of the derived rotation period with previous independent estimates.
It was already shown and discussed in Hanuš et al. (2015) and Hanuš et al. (2016b) that each shape model comes with its uncertainty that is not fully quantified. This uncertainty depends on the amount, variety, and quality of the optical data used for the model determination, and should be considered in further shape model applications. To provide the information about the precision of the derived shape model, we introduce the quality flag (QF) value that is assigned to each shape model solution. These values are now listed for each solution presented in this work, as well as for shape models available in the DAMIT database. Specifically, a shape model based on a large photometric data set and disk-resolved data and/or stellar occultations should well correspond to the real shape of the asteroid, so such a solution has the highest value of the quality flag of QF = 4. Theoretically, the ground-truth models based on space probe flybys and satellites orbits should have QF = 5, however, such shape models are not available in the DAMIT database. Next, the value of QF = 3 is typically assigned to shape models based on large photometric data sets, which usually cover at least three apparitions and consist of tens of single light curves. When only several dense light curves (usually from one or two apparitions) combined with the sparse data provide a shape model, its quality value is set to QF = 2. Finally, coarse shape models based solely on sparse data have QF = 1. Intermediate values are used as well. Shape models with QF <= 2 should be used in further studies with caution. Unfortunately, the variety of available photometry for asteroids is huge, so assigning quality flags cannot be fully generalized and it serves mostly as a tentative indicator of the shape model quality. The quality of the shape model also depends, for example, on the geometry of light curve observations, the light curve amplitude, the aspect angle, or the precision and sampling of the photometry. We already applied and described in great details the convex inversion method and its application to combined dense and sparse integrated data in our previous studies, so additional information can be found there (e.g., Hanuš et al. 2011 Hanuš et al. , 2013a Hanuš et al. ,b, 2016b Ďurech et al. 2016) . We emphasize the reproducibility of our work -all shape models as well as the optical light curves and the convex inversion source code are available in the DAMIT database. Moreover, we also uploaded here published light curves to the ALCDEF database.
Results and discussions

New and updated shape models
New optical light curves allowed us to revise shape models of 15 asteroids from the Eos family. In most cases, rotation states of updated shape models are consistent within their expected uncertainties with those in the DAMIT database (see Table B .1 for the comparison). Only the second pole solution of asteroid (742) Edisona is slightly different from the previously published value, however, the revised solution seems to be now more consistent with its mirror solution. Additionally, the revised solution of asteroid (1207) Ostenia has similar ecliptic latitude of the pole orientation but differs in the ecliptic longitude from the previous solution of Hanuš et al. (2011) . The larger photometric data set was sufficient to remove the pole ambiguity of asteroid (573) Recha. Typically, by revising the shape models, we decreased the uncertainties in rotation states and improved the accuracy of the shape model. All revised shape models replaced their previous versions in the DAMIT database.
We derived new shape models for 11 asteroids. All these shape model determinations are based on combined dense-intime data and sparse-in-time measurements. Rotation state parameters and information about optical data for asteroids from the Eos family with known shape models are listed in Table B. 1. References to the optical light curves can be found in Table B .2.
The combined WISE and Lowell optical data sets allowed us to determine 5 additional shape models. We checked that the pole/shape solutions were not sensitive to including thermal data. When repeating the inversion without any WISE data (using the same sidereal rotation period), the optimization converged to pole directions that were not far (within 10 deg) from those that were obtained when using WISE data. Thermal light curves are important for determining the unique rotation period, but for a given period, the models with and without WISE data are similar.
Finally, we compiled a data set of 58 potential Eos family members with known shape models (Table B .1) and used it for an analysis of physical properties within the family in Sect. 4.2. The uncertainties of rotation state parameters were estimated based on the quality of each photometric dataset.
Rotation states in the Eos family
As already discussed, we consider the Eos collisional family as defined by Nesvorný et al. (2015) . However, we have identified 5 asteroids with shape models that are classified as Eos family members in Nesvorný (2012), but not in Nesvorný et al. (2015) . We decided to use these five asteroids in our study, but we also checked if their physical parameters are consistent with those of the Eos family.
We estimated the center of the family from the proper semimajor axis a p -size inversion (1/D) plot (top panel of Fig. 1 ). In this representation, the family should fill a V-shape envelope that corresponds to the objects dispersion in the a p caused by the initial velocity field and the Yarkovsky drift (see, e.g., Vokrouhlický et al. 2006a; Spoto et al. 2015) . Contrary to the commonly used proper semi-major axis -absolute magnitude plot, the V-shape envelope of the a p − 1/D plot consists of two straight lines, in general, intersecting at the center of the family. The Eos family is affected by the 9:4 mean-motion resonance with Jupiter at 3.03 au, which breaks the left part of the V-shape. Specifically, most of the objects with a p 3.03 au migrated through the resonance, and so could lie outside the nominal Vshape envelope. We also show in the top panel of Fig. 1 the positions of the asteroids with known shape models as well as their sense of rotation around their spin axes. We confirmed the previous findings of Hanuš et al. (2013a) suggesting that retrograde spinners drift inwards to shorter semi-major axes with respect to the family center and the prograde ones outwards. We have several objects with known spin state that are situated close to the family center. These objects are rather large to be significantly evolved due to the YORP and by the Yarkovsky drift. The larger prograde and retrograde asteroids are mixed in the proximity of the family center, which could be a result of the initial ejection field after the catastrophic collision.
Asteroids (251) Sophia and (423) Diotima are clearly outside the V-shape envelope (top panel of Fig. 1 ). There is no doubt that Diotima is an interloper -it is a C-type object with a low albedo and bulk density. We focus in more details on Diotima in the Appendix Appendix A. Sophia is a retrograde rotator situated outward of the family center, which is in the contradiction with the theoretical expectations of the Yarkovsky drift and YORP spin vector evolution applied to a family member. Because the evidence for Sophia and Diotima being interlopers is quite strong, we removed these two asteroids from our following study of physical properties of the Eos family members. Physical properties of the remaining asteroids (60) are rather consistent with the expected ranges within the Eos family.
The top panel of Fig. 1 shows that Eos family as defined in Nesvorný et al. (2015) is contaminated by a large number of low-albedo objects. We have chosen the value of p V = 0.08 to divide the low and high albedo objects based on the albedo distribution in the bottom right panel of Fig. 1 . The bi-modal albedo distribution is obvious. The concentration of low-albedo objects increases with increasing a p . This could suggest an existence of a low-albedo family in the Eos family region, however, there is no obvious cluster in the full proper element space of a p , e p and i p . On the contrary, the low-albedo objects are rather spread across the whole Eos family space and could represent the background. On top of that, considering the position of the Eos family in the outer part of the main belt, a background dominated by dark objects is expected. Moreover, the dark objects are more frequent outward of the 9:4 mean-motion resonance with Jupiter. These objects could be dispersed by the resonance and could originate from the few C-type asteroid families in the proximity of the Eos family that are intersected by the resonance. Our sample of shape models represents only the largest asteroids in the family. Their albedo values are higher than 0.08 (with one exception), so are consistent with the Eos taxonomic type (the mean p V value within the Eos family is ∼0.16).
The observed ecliptic pole-latitude distribution in the Eos family in the top panels of Fig. 2 is bi-modal, which is in agreement with previous studies of spin states in the Eos and other asteroid families (Hanuš et al. 2013a; Kim et al. 2014; Kryszczyńska 2013) . A K-S test rejects the null hypothesis that the latitudes are uniformly distributed (p = 0.01). Our study is based on a significantly larger number of asteroids. The excess of prograde rotators inwards to shorter semi-major axes with respect to the family center and the excess of retrograde rotators outwards is another clear evidence for that (top right panel of Fig. 2 ). The mixture of larger ( 20 − 30 km) prograde and retrograde asteroids near the center of the family suggests that these objects are not significantly evolved by the YORP and Yarkovsky effects. The number of known ecliptic longitudes of the spin axes (56) is still small to reveal possible trends (bottom left panel of Fig. 2 ). According to the K-S test, the longitude distribution is consistent with the uniform distribution. We do not see any clustering of the spin vectors similar to the so-called Slivan states identified in the Koronis family by Slivan (2002) . Our data sets of latitudes and longitudes are biased towards large asteroids, asteroids with larger light curve amplitudes and asteroids with rotaion periods 20 hours. The data should be de-biased before any interpretation, e.g., before their direct comparison with numerical results. The reliable debiasing is not straightforward and it is out of the scope of this paper.
The sample of λ and |β| values for ∼2 500 Eos family members derived by Cibulková et al. (2016) represents about 25% of the currently known Eos family. The method used for the estimation of these physical properties is applied to the sparse-intime optical data from the Lowell database (Bowell et al. 2014) . The most important fact is that the method always produces a solution and that the only selection effect is the amount of the optical data. Consequently, the sample of these ∼2 500 asteroids should be representative in the physical properties of the whole Eos family to some size limit of a few km (the photometric data sets for smaller asteroids are usually poor, so they are excluded from the computations). However, the bias in latitudes comes from the method itself that tends to overestimate the derived |β| values. Fortunately, Cibulková et al. (2016) quantified the bias by a synthetic population, so we can correct for it. The method does not bias the longitudes, though. Such data set of longitudes and (de-biased) latitudes should represent the spin-vector properties of the Eos family objects rather reliably.
In the middle panels of Fig. 2 , we compare the absolute values of ecliptic latitudes in the Eos family (a p vs. sin(|β|)) for large (D > 30 km) and small (D < 30 km) objects. As expected, large asteroids are clustered towards the family center and their ecliptic latitudes are not clustered significantly. On the other hand, latitudes of small asteroids are strongly anisotropic with poles almost perpendicular to the ecliptic plane. Moreover, we also show the longitude and debiased latitude distributions in bottom panels of Fig. 2 . Although there are not many objects larger than 20 km in the sample, the latitude distribution still shows a small excess of larger sin(|β|) values, however, the most extreme values of sin(|β|) are less frequent. This probably means that some of the objects are already evolved by the YORP. The longitude distribution does not depend on the size (Cibulková et al. 2016 ), so we only show the distribution for all objects. There are no significant differences between latitude distributions for objects smaller than 10 km and objects with sizes between 10 and 30 km.
Contrary to theoretical expectations, the longitude distribution is not uniform as was already noted by Bowell et al. (2014) and recently confirmed by Cibulková et al. (2016) . The K-S test clearly shows that the longitude distribution in the Eos family is not uniform (p ∼ 10
−23
). Although both authors invested a large effort to find a satisfactory explanation, the reason remains unknown. There is an excess of asteroids with ecliptic longitudes ∼ 20 − 80
• and deficit of asteroids with λ ∼ 120 − 160. The longitude distribution for asteroids with shapes is consistent with the uniform distribution (K-S test: p = 0.80), but also with the non-uniform distribution based on Cibulková et al. (2016) Eos data (K-S test: p = 0.18). This apparent controversy is caused by the statistically poor sample of longitudes for asteroids with shape models. Concerning the latitude distribution, Eos family is dominated by objects with |β| > 60
• , which is induced by the YORP spin axis and rotation period evolution.
The Asteroid Lightcurve Database (LCDB 7 ) of Warner et al. (2009) contains rotation periods for more than 500 Eos family members, which is larger by an order of magnitude than our sample. We show the rotation frequency in the Eos family in Fig. 3 . Even such extensive sample is largely biased towards periods of several hours. It is more difficult to properly determine a rotation period larger than ∼20 hours than of ∼5-10 hours by observing asteroid's light curve, because this requires observations from several nights, sometimes even calibrated with respect to a common comparison star. Moreover, fainter fast rotators (P ∼ 2 − 3 h) require accurate photometry that is difficult to achieve with commonly used telescopes. Specifically, these fast rotators are known to be rather spheroidal (Pravec and Harris 2000, Fig. 6) , and so exhibit light curves with only small amplitudes. These biases has to be properly addressed before any sophisticated interpretation, however, this is a difficult task that we cannot easily do. On the other hand, qualitative estimates can still be made.
The LCDB period data cover Eos members from various parts of the family in the proper element domain, contrary to the periods of objects with shape models that are mostly close to the center of the family. The distribution of periods for asteroids with shape models is dominated by objects larger than 10 km and can be approximated quite well by a Maxwellian distribution. However, this distribution is strongly biased by the selection effect of the light curve observations similarly to the LCDB data, but also by the light curve inversion method used for the shape model determination. For example, it is not common that there are light curve data for slow rotators from more than one apparition (the aim is usually to obtain a synodic period from one apparition data) or the used lightcurve inversion method cannot handle tumbling asteroids that are common among very slow rotators (P ∼hundreds of hours, see, e.g., Fig. 8 of Pravec et al. 2014) . As a result, our period distribution underestimates the number of slow rotators. Moreover, the period distributions are different within different size ranges ) due to YORP and collisional evolution, so our distribution is rather representative for a size range of ∼ 10 − 20 km.
We show the LCDB frequency distribution for the whole sample and for objects larger and smaller than 10 km in the bottom right panel of Fig. 3 . We have chosen only two size ranges because there are not enough objects with sizes larger than 30 km. The distribution for larger objects has a peak at 2-3 revolutions per day similarly to the distribution for the shape models sample, but it shows more slow and fast rotators. These fast and slow rotators are mostly objects with sizes between 10 and 20 km that are already evolved due to YORP and that are not present in the shape models sample. The LCDB period distribution of small asteroids is almost flat for 0-7 revolutions per day with an enhancement near 3-4 revolutions. This period distribution is similar to the period distribution of the whole main-belt population with sizes 7-14 km from Warner et al. (2009) and can be interpreted as YORP dominated with an apparent excess of medium rotators, which may be due to observational biases. The strong excess of slow rotators observed by Pravec et al. (2008) and Warner et al. (2009) is only present for a smaller size range that is not covered in our sample.
It has been pointed our that an overdensity of asteroids that might be connected to the Eos family, exists inward of the 7:3 mean-motion resonance with Jupiter (Tsirvoulis et al. 2017 ). Yet, it is being investigated whether Eos members crossed the 7:3 while drifting under the Yarkovsky effect while moving away from the core of the family (which is situated beyond the said resonance) or these objects were directly placed inward the 7:3 by the initial velocity field of the impact that destroyed the parent body of the Eos family. In the case the first hypothesis is correct, limits for da/dt can be derived from dynamical modeling of the 7:3 resonance crossing, which would constitute to one of the first da/dt determination in the Main Belt. Studies of physical properties of asteroids like ours could help to distinguish between the two scenarios, because in the first case, only retrograde rotators should cross the 7:3 resonance, while some prograde rotators should exist inward the 7:3 resonance in the second scenario.
Conclusions
We present updated shape models for 15 asteroids and new shape model determinations for 16 asteroids. These models were determined from optical disk-integrated data by the convex inversion method. Together with the already published models from the publicly available DAMIT database, we compiled a sample of 58 potential Eos family members with known shape models that we used in our analysis of physical properties within the family. Asteroids (251) Sophia and (423) Diotima are likely interlopers and were excluded from our further study. Our sample of shape models in the Eos family is the largest sample so far available for any asteroid family. Additionally, we present a shape model of asteroid (423) Diotima based on the disk-resolved data obtained by the Nirc2 camera mounted on the W.M. Keck II telescope.
Rotation states of asteroids smaller than ∼30 km are heavily influenced by the YORP and Yarkovsky effects, whilst the large objects more or less retained their rotation state properties since the family creation. The prograde and retrograde rotators are concentrated outward and inward of the family center, respectively. The pole-ecliptic latitude distribution is bi-modal with most asteroids having their latitudes almost perpendicular to the ecliptic plane. Rotation periods of small asteroids (D < 10 km) are dominated by the YORP spin up and spin down. Asteroids with 10 < D < 30 km are influenced by both the YORP effect and collisions. Unfortunately, the sample of rotation periods for larger asteroids is too small to be interpreted.
Shape models based on large dense-in-time photometric data sets can be also used as inputs for further studies, such as detection of concavities (Devogèle et al. 2015) , thermophysical modeling with the varied-shape approach by Hanuš et al. (2015 Hanuš et al. ( , 2016a , concave shape modeling (Carry et al. 2010; Bartczak et al. 2014; Viikinkoski et al. 2015a; Shepard et al. 2017; , size optimization by disk-resolved images or occultation data (Hanuš et al. 2013c; , and density determinations (Carry et al. 2010; Shepard et al. 2017; .
Asteroids with shape models based only on sparse data or on sparse data and few dense light curves are ideal candidates for follow-up observations. New optical data should lead to improved shape and rotation state solutions that can be then used in further studies. Shape modeling is strongly dependent on a large community of observers that are kind enough to share their data. This tremendous flow of optical data pushes forward our understanding of asteroids.
The plots of sin(β) to D or the distribution of sin(β) of different families should contain information about the degree of the family evolution due to YORP, hence the ages. In general, a young family should contain a larger fraction of objects with lower |β| values than an older one, for instance. We note that the surface composition, heliocentric distance or the size frequency distribution should be also kept in mind. However, right now, we cannot draw reliable conclusions based on the sin(β) values. First, the statistical sample based on shape model solutions (i.e., with the complete rotation state solution) is still poor for most families. Second, the data of Cibulková et al. (2016) provide a large statistical sample, however, this sample is significantly biased: there is dependence on the inclination. This is because we represent the pole orientation in the ecliptic coordinate frame rather than in the orbital one (i.e., with the obliquity). In the YORP theory, the obliquity and the spin rate are evolved. Obliquity is identical to the ecliptic latitude only for the zero inclination. For objects with non-zero inclinations, one should compute the obliquities and compare the plots of sin(ǫ) to D of different families. Unfortunately, we do not have the sign of the ecliptic latitude, so we cannot compute the obliquity.
Another link between physical properties of a family members and the YORP theoretical models is offered by comparing the distribution of the |sin(β)| and the spin rate. However, this is not straightforward and should be done with caution. The current rotation state of an asteroids is a result of a long past evolution due to YORP effect and collisions which represent a random effect. Also, the initial rotation state is important for the proper interpretation. As a result, only a numerical study with a large statistical sample of individual realizations with different initial conditions can provide reliable results (we used simple YORP and collision models for four families in Hanuš et al. 2013a) . However, such a study is beyond the scope of this work. It is not possible to estimate the YORP coefficient (e.g., by the equations presented in Jacobson et al. 2014 ) for an individual object based on its rotation state that is different from the theoretical end state, because we do not know the initial starting point. The YORP coefficient is dependent on the shape and the rotation state, which we do not know accurately enough. Therefore, YORP coefficient can be derived only if we measure the change of the period for the asteroid (Kaasalainen et al. 2007; Taylor et al. 2007 ). Another complication is that the YORP coefficient can change even due to minor collisions or surface reshaping if the rotation is fast.
Photometric data from ongoing and future surveys (e.g., Gaia or LSST) has the potential to largely increase our knowledge of asteroids physical properties. Increasing number of asteroids physical properties will also help to better constrain the theoretical models of the family evolution or even confirm prediction of some state-of-the-art theories (e.g., Carruba et al. 2016 ). We also used data from BlueEye600 observatory. The development of this observatory was supported by the Technology Agency of the Czech Republic (TAČR), project no. TA 03011171, 'Development of Technologies for the Fast Robotic Observatories and Laser Communication Systems'.
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, Carry 2012). Moreover, the low geometric visible albedo of Diotima also suggests that this asteroid does not belong to the Eos family. Despite that, we would like to take advantage of the existence of the disk-resoled data of Diotima we gathered in the framework of from the Keck observatory archive to derive a 3D shape model and revise the density estimate of Carry (2012) .
In our recent studies , we processed all asteroid disk-resolved images obtained by the Near InfraRed Camera 2 (Nirc2) mounted on the W.M. Keck II telescope on Maunakea in Hawaii that are publicly available in the Keck Observatory Archive. We identified more than 500 disk-resolved images of almost 80 asteroids, out of them four belong to asteroid (423) Diotima. We applied the All-Data Asteroid Modeling inversion algorithm (ADAM, Viikinkoski et al. 2015a ) to the combined optical light curves and disk-resolved images and derived a scaled shape model of Diotima. We used the spin state of the convex shape model from Hanuš et al. (2016b) as a necessary initial input for the shape modeling with ADAM. We confirmed the results of Hanuš et al. (2013c) that the mirror pole solution does not fit well the disk-resolved images, so a single pole solution is presented. Our volumeequivalent diameter of (205±7) km is consistent with the estimates of Hanuš et al. (2013c) (194±18 km) and Carry (2012) (211±16 km). The former is based on scaling the size to fit a single asteroid contour extracted from the disk-resolved image, while the latter one is based on a compilation of various literature values. We show the comparison between model projections and corresponding AO images in Fig. A.4 . The combination of the mass of (6.91±1.93)·10 18 kg (Carry 2012 ) and our size estimate leads to a bulk density of (1.5±0.4) g·cm . Such density is typical for primitive asteroids from the C-complex, and in an agreement with the C-type classification of Diotima. While K-type asteroids should have larger bulk densities (Carry 2012) , the low density of Diotima is another confirmation that this asteroid is not a true member of the Eos family. To derive the shape model by the ADAM algorithm, we followed the procedure already applied in Viikinkoski et al. (2015b) ; ; ; Marsset et al. (2017) . Additional details about this method can be found in these studies or in the general introduction of the method in Viikinkoski et al. (2015a); Viikinkoski (2016) . We uploaded the scaled shape model of Diotima to the DAMIT database.
Appendix B. On-line tables Table B .1: Rotational states of members of Eos collision family and summary of used photometry for their shape model determinations. The table gives ecliptic coordinates λ 1 and β 1 of the best-fitting pole solution, ecliptic coordinates λ 2 and β 2 for the possible second (mirror) pole solution, sidereal rotational period P, the number of dense light curves N lc spanning N app apparitions, the number of sparse-in-time measurements N sp , the reference to the model, the size D and geometric visible albedo p V based on WISE thermal infrared measurements , and the shape model quality flag QF. 
